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The magnetic, electronic, elastic and thermal properties of GdFe2 have been investigated under ambient
and hydrostatic pressure, in the pressure range 0e100 GPa using the Full Potential Nonorthogonal Local-
Orbital minimum basis method (FPLO) within the generalized gradient approximation (GGA) and the
local spin density approximation (LSDA). We have calculated the lattice constant, bulk modulus and its
ﬁrst pressure derivative. The bulk modulus using GGA is 104.05 GPa in fair agreement with experimental
results. The total magnetic moment of GdFe2 using GGA and LSDA are 3.65 and 4.38 mB at ambient
pressure respectively. The pressure effect on the partial, total magnetic moment and total DOS is
investigated under high pressure the results indicate that GdFe2 is metallic under all applied pressure.
The magnetic and thermal heat capacity and entropy for GdFe2 have been studied using results from ab-
initio calculations and proper models. The magnetic heat capacity contributes only 0.5 J/g K at 793 K and
the thermal heat capacity is saturated at 140 J/mol K above Debye temperature. The maximum contri-
bution of the magnetic entropy to the total entropy is 0.8 J/g K in the studied temperature range.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Rare earth-transition metal (REeTM) intermetallic compounds
have been an interesting subject in condensed matter physics since
1960 [1]. Scientists are interested in these materials due to their
extraordinary magnetic properties and industrial applications [2].
These properties are governed by different types of interactions,
involving the highly correlated and strongly localized 4f-state of the
rare earth atoms, and the d-state of transition metal atoms, which
are comparatively weakly-correlated and more delocalized. The
valence state of the rare earth atoms are expected to be the me-
diators of indirect exchange coupling [3,4]. GdFe2 crystallizes in the
cubic laves (MgCu2) phase (C15) type structure [5]with the rare-
earth atoms arranged in the diamond structures consisting of two
FCC lattices displaced from each other by one-fourth of the body
diagonal. Experiments and calculations reveal that the 4f and 3d
electrons in these compounds always align antiparallel, therefore
GdFe2 is ferromagnetic with Curie temperature of GdFe2 is 790 K
[6,7]. The lattice constant, the magnetic moment and the bulk
modulus have been studied experimentally by K. Taylor et al. [8], P.lfy).
B.V. This is an open access article uVillars [9], F. Baudelet et al. [10], R. Z. Levitin et al. [11], F. C. Zumsteg
et al. [12], and Rainer Lübbers [13]. Other theoretical studies have
been done on GdFe2 by S.L. Lee et al. [14], Y. Ahmadizadeh et al. [15],
A. E. Baranovskiy [2], J.Y. Rhee [15], A.L. de Oliveira et al. [17], and B.
Zegaou et al. [1]. Calculations in the present work are performed
using the electronic code Full Potential local orbital (FPLO) code
within the LSAD and GGA approximation [18,19]. We report on the
equilibrium volume, magnetic moment, bulk modulus, density of
states (DOS) and the band structure. The effect of hydrostatic
pressure on the partial, total magnetic moment and the total DOS is
reported. The magnetic and thermal contribution to the heat ca-
pacity and entropy of GdFe2 compound are calculated using the two
sublattice model and the Debye model.2. Theory and computation
The present calculations are a ﬁrst-principles calculations of the
magnetic, electronic, elastic and thermal properties of GdFe2
compound in the cubic laves (MgCu2) phase (C15) crystallographic
structure, within the framework of density functional theory (DFT)
[20]. The theoretical values of equilibrium lattice constant, total
energy, magnetic moment, density of states (DOS) and band
structure are calculated using the full potential local orbitalnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. a: energy vs. volume of GdFe2 using GGA approximation. .b: energy vs. volume
of GdFe2 using LSDA approximation.
Table 1
Calculated Total Energy Emin(in Ry/f.u), Lattice Parameter a0 (in Ǻ), Bulk Modulus B0
(in GPa) and its Pressure derivative B0 for C15 GdFe2 compound, compared to the
experimental data and previous theoretical calculations.
Methods Emin (Ry/f.u) a0 (Ǻ) B0 (GPa) B0
GGA 27652.45478 7.27 104.05 4.49
LSDA 27628.44240 7.02 152.18 2.81
Experiment 6.98a
6.97h
104j
Other works 6.925b
6.865c
6.997d
6.969e
7.115f
7.03g,7.055g
189.6g,140.67g
90i
3.17g,3.16g
a Ref. [8,9].
b Ref. [9].
c Ref. [31].
d Ref. [14].
e Ref. [16].
f Ref. [32].
g Ref. [1].
h Ref. [15].
i Ref. [2].
j Ref. [13].
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The bulk modulus and its pressure derivative have been computed
using the linear modiﬁed BircheMurnghan equation of state
[21e23]. We have used Equation (1) for ﬁtting volume vs. energy
data obtained from our ab-initio calculation:
EðVÞ ¼ aþ bV13 þ cV23 þ dV1 (1)
The ﬁtting parameters in this case are given by
a ¼ 9B0V0ð4 B1Þ
2
(2)
b ¼ 9B0V
4
3
0ð11 3B1Þ
2
(3)
c ¼ 9B0V
5
3
0ð10 3B1Þ
2
(4)
d ¼ 9B0V
2
0 ð3 B1Þ
2
(5)
and the pressure is given by
P ¼ vE
vV

T
(6)
where V0 is the equilibrium volume, E0 the equilibrium energy, B0
the bulk modulus, and B1 the ﬁrst derivative of B0 with respect to
pressure.
According to MFT [24,25] the exchange ﬁeld (i.e. the total
effective ﬁeld) of RE and Fe sublattice in GdFe2 compound can be
expressed respectively as:
H1ðTÞ ¼ H þ d½J11M1ðTÞ þ 2J12M2ðTÞ (7)
H2ðTÞ ¼ H þ d½J21M1ðTÞ þ 2J22M2ðTÞ (8)
The temperature dependences of sublattice magnetic moment
are determined by Brillouin functions BJ (x):
M1ðTÞ ¼ M1ð0ÞBJ1 ½M1ð0ÞH1ðTÞ=kT; (9)
M2ðTÞ ¼ M2ð0ÞBJ2 ½M2ð0ÞH2ðTÞ=kT; (10)
where M(0)¼ g mb, MT(T)¼MRE  2MFe for ferromagnetic coupling
BJðxÞ ¼
2J þ 1
2J
coth

2J þ 1
2J
x

 1
2J
coth

x
2J

(11)
where H is the applied ﬁeld, Jmn is the exchange integral between
ions of species m and n, g is the Lande splitting factor, M1(0)
andM2(0) are the magnetizations at zero K of RE and Fe ion,res-
pectively. The factor d¼NArmb/w converts the magnetic moment
per GdFe2 from mb into gauss, where r is the density of GdFe2 in g/
cm3, NA is Avogadro's number, w is the atomic weight per formula
unit, and J1, J2 are individual angular momenta of RE and Fe,
respectively.
To calculate the magnetic speciﬁc heat we start from the
expression
U ¼ 1
2

l11M
2
1 þ l22M22 þ ðl12 þ l21ÞM1M2

(12)
where the exchange constant is lij ¼ ZixjJij=Njm2Bgigj.
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Fig. 2. a: the partial magnetic moment of Gd atom vs. pressure using GGA. b: the
partial magnetic moment of Fe atom vs. pressure using GGA. c: total magnetic moment
of GdFe2 vs. pressure using GGA.
Table 2
Calculated total and partial magnetic moment (in mB/f.u) for C15 GdFe2 Compound
compared to the experimental and previous theoretical results.
Method Magnetic moment
per Gd atom(mB)
Magnetic moment
per Fe atom(mB)
Total magnetic moment
for GdFe2(mB/f.u)
GGA 7.699 2.024 3.65
LSDA 7.35 1.48 4.38
Experiment 3.5a
3.46b
Other
works
7.247c
7.618c
7.58d
7.83e
7.552f
7.536g
7.51h
1.555c
2.395c
1.96d
1.96e
2.263f
2.05g
2.13h
4.36c
3.475c
3.85d
3.9e
3.385f
3.714g
3.39h
3.39i
a Ref. [8,10e12]E.
b Ref. [8,9].
c Ref. [1].
d Ref. [35].
e Ref. [31].
f Ref. [16].
g Ref. [34].
h Ref. [33].
i Ref. [15].
G.M. Elalfy et al. / Computational Condensed Matter 5 (2015) 24e2926The speciﬁc heat depends on the magnetization of the two
sublattice and their temperature dependence in the following
manner:a
b
Fig. 3. a: V/V0 vs. pressure using GGA (V0 ¼ 96.06 A3). b: V/V0 vs. pressure using LSDA
(V0 ¼ 86.49 A3).
Fig. 4. a. spin-up band structure of GdFe2 using GGA at zero pressure. b. spin-down band structure of GdFe2 using GGA at zero pressure.
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dM1
dT
 l22M2
dM2
dT
 1
2
ðl12 þ l21Þ

M1
dM2
dT
þM2
dM1
dT

(13)
i.e. Cm(T) ¼ C11 þ C12 þ C21 þ C22.
The magnetic entropy at temperature T is given by:
SmðTÞ ¼
ZT
0
CvðTÞdT
T
(14)
To investigate the thermal properties of GdFe2 compound we
apply the quasi-harmonic Debye model [26], in which the non-
equilibrium Gibbs function G(V, P, T) can be written in the form of:
GðV ; P; TÞ ¼ EðVÞ þ PV þ Avib½qðVÞ; T  (15)
where E(V) is the total energy per unit cell, P and V represent
pressure and volume respectively, Ɵ(V) is the Debye temperature,
and Avib is the vibrational term, which can be written using the
Debye model of the phonon density of states as [27,28]:
Avibðq; TÞ ¼ nkT

9q
8T
þ 3 ln

1 eqT

 D

q
T

(16)
where n is the number of atoms per formula unit, D(q/T ) represents
the Debye integral, therefore, the non-equilibrium Gibbs func-
tionG(V,P,T) as function of (V,P,T)can be minimized with respect to
volume V"
vGðV ; P; TÞ
vV
#
P;T
¼ 0 (17)
By solving Equation (5), one can obtain the thermal equation of
state (EOS). The heat capacity CV and entropy S are given by [29,30]:
Cv ¼ 3nk
"
4D

q
T

 3
q
T
e

q=T

 1
#
(18)S ¼ nk

4D

q
T

 3 ln

1 eqT

(19)
The parameters used in FPLO run are: the k-mesh subdivision:
24 24 24, the accuracies of the density and total energy are 106
and 108 Å3 and Hartree respectively. The space group is (#227)
and the atomic positions are (1/8, 1/8, 1/8) for Gd and (1/2, 1/2, 1/2)
for Fe.3. Results and discussion
In our research, we are concerned with the different properties
of GdFe2 in its ferromagnetic state. The total energy vs. unit cell
volume was calculated using LSDA and GGA approximations. The
minimum equilibrium energy Emin of GdFe2 are
approximately27652.45478 and27628.44240 Ry/f.u. using GGA
and LSDA approximations respectively. Fig. 1, displays the depen-
dence of energy upon unite cell volume using LSDA and GGA ap-
proximations. The theoretical lattice constants, displayed in Table 1
obtained at minimum energy Emin. The minimum volume of GdFe2
using LSDA approximation is nearly 90% of its value using GGA
approximation.
We have calculated the bulk modulus and its ﬁrst-pressure
derivative using the modiﬁed- Birch Murnghan eq. of state. The
bulk moduli of GdFe2 using GGA and LSDA are 104.05 GPa and
152.18 GPa respectively. The calculated bulk modulus using GGA
shows good agreement with experimental bulk modulus evaluated
by Rainer Lubbers [13]. Y. Ahmadizadeh et al. [15], using LAPW
method, have estimated the minimum energy per formula unit as
Emin ¼ 27652.33676 Ryd/f.u.
The dependence of the partial and the total magnetic moments
on pressure is shown in Fig. 2(a, b, c) using GGA, approximation.
These ﬁgures indicate that the Gd magnetic moment decreases
upon increasing the pressure while that of Fe and the total mag-
netic moment of the GdFe2 compound increases with pressure.
Gerhard Reib [36] has estimated a phase transition, in GdFe2, from
the C15 cubic structure to C14 (hexagonal structure) at 50 GPa. Our
calculation of pressure effect on magnetic properties are in the
pressure range (0e50) GPa, where GdFe2 keeps its cubic structure
C15. Structural deformation may change the type of magnetic
ordering in a given system e.g. non collinear magnetic structure
may take place due to geometric frustration of anti-ferromagnetic
(AFM) interactions [37].
G.M. Elalfy et al. / Computational Condensed Matter 5 (2015) 24e2928Table 2 shows the partial and total magnetic moments in mB/f.u.
Our results of the total magnetic moment are 3.65 mB/f.u and
4.38 mB/f.u for GGA and LSDA respectively. Our GGA value is in good
agreement with the experimental total magnetic moment value
[3,9e11,16,17]. In order to obtain the equation of state i.e. P(V) we
have ﬁtted the energy vs. the primitive cell volume in GGA anda
b
c
Fig. 5. a: partial DOS using GGA for 3d-state of Fe at zero pressure. b: partial DOS,
using GGA for 4f-state of Gd at zero pressure. c: total DOS of GdFe2 using GGA at zero
pressure.LSDA data to the linear modiﬁed BircheMurnghan [21e23]. Fig. 3a
and Fig. 3b displays V/V0 vs. P for the GGA and LSDA approxima-
tions respectively. Fig. 3(a, b) seen that the normalization volume V/
V0 decrease monotonously with increasing pressure. The calculated
band structure of GdFe2 along a high symmetry direction, in the
Brillouin zone using the GGA approximation, is shown in
Fig. 4a(spin up) and Fig. 4b(spin down). We notice that the band
structure of spin-up states is similar to that of the spin-down states,
except that the spin-up Gd-f bands are occupied and lie below Ef
while the spin-down Gd-f bands are unoccupied and lie above Ef.
Also It is clear that there is no band gap at the Fermi level. Valence
and conduction bands overlaps signiﬁcantly at Fermi level, as a
result, GdFe2 exhibit a metallic character.Fig. 6. total DOS of GdFe2 using GGA at 100 GPa.
a
b
Fig. 7. a: magnetic heat capacity inter and intra sublattice contribution for GdFe2
compound. b: magnetic entropy for GdFe2, (saturation value ¼ 0.8 J/g K).
G.M. Elalfy et al. / Computational Condensed Matter 5 (2015) 24e29 29The calculated partial and total DOS densities of states for GdFe2
using GGA approximation are shown in Fig. 5(aec) within an en-
ergy interval of ±5 eV from Ef. In the region of valence band, the
width of the PDOS of Gd-4f was clearly narrow than of Fe-3d. The
number of Gd-4f peaks was also less than that Fe-3d. This indicates
that the hybridization of Fe-3d and Gd-4f is present. The strong
peaks at about 4ev below Ef is the spin-up DOS and about 1.5 eV
above Ef in the spin-down DOS are due to Gd-4f states considered
as band states in the present calculations. The effect of pressure is
evident in shifting the strong peak by about 0.5ev as shown in
Fig. 6. Such shift indicates strong hybridization between Fe and Gd
in the case of applied pressure of 100 GPa. The strong correlation
effect of Gd 4f electrons may have effect on the electronic, magnetic
and structural properties. In the further work, we will consider
these electron correlation effects in the calculations by a DFT þ U
method.
We calculate the total heat capacity of GdFe2 which is the sum of
FeeFe, GdeGd and the inter sublattice contributions to the zero
ﬁeld speciﬁc heat of GdFe2 compound and found out that the FeeFe
contribution is the higher while the other three interactions
contribute 40% to the total magnetic speciﬁc heat as shown in
Fig. 7a. And the maximum contribution of the magnetic entropy to
the total entropy is 0.8 J/g. K in the temperature range 0e850 K as
shown in Fig. 7b.
Fig. 8a shows the thermal speciﬁc heat which is saturated at
about 140 J/mol K above Debye temperature and the thermal en-
tropy maximum at about 370 J/mol K at 1000 K as shown in Fig. 8b.a
b
Fig. 8. a: thermal heat capacity for GdFe2 with Debye temperature 300 K b: thermal
entropy for GdFe2 with Debye temperature 300 K.4. Conclusion
We have done ab-initio calculations of the lattice constant,
magnetic moment, bulk modulus and electronic structure of GdFe2
in both the GGA and LSDA approximation of the DFT theory. We
have found that there is no band gap at the Fermi level at all
pressures used (up to 50 GPa), therefore GdFe2 exhibits a metallic
character. Our magnetic moment calculation showed that Fe
magnetic moment couples ferrimagnetically to that of Gd. The
FeeFe contribution, using the two sublattice model, to the mag-
netic speciﬁc heat is highest and contributes about 60% of total
magnetic speciﬁc heat. The lattice speciﬁc heat saturated at 140 J/
mol K, above Debye temperature, and the lattice entropy reaches
about 370 J/mol K at 1000 K. For lattice constant calculations LSDA
is more adequate than GGA but for bulk modulus and magnetic
moment, the GGA is more adequate than LSDA as compared to the
experimental results.
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